Background: Skin atrophy is a major adverse effect of topical glucocorticoids. We recently reported that REDD1 (regulated in development and DNA damage 1) and FKBP51 (FK506 binding protein 5), negative regulators of mTOR/Akt signaling, are induced by glucocorticoids in mouse and human skin and are central drivers of steroid skin atrophy. Thus, we hypothesized that REDD1/FKBP51 inhibitors could protect skin against catabolic effects of glucocorticoids. Methods: Using drug repurposing approach, we screened LINCS library (http://lincsproject.org/LINCS/) to identify repressors of REDD1/FKBP51 expression. Candidate compounds were tested for their ability to inhibit glucocorticoid-induced REDD1/FKBP51 expression in human primary/immortalized keratinocytes and in mouse skin. Reporter gene expression, microarray, and chromatin immunoprecipitation were employed to evaluate effect of these inhibitors on the glucocorticoid receptor (GR) signaling. Findings: Bioinformatics analysis unexpectedly identified phosphoinositide-3-kinase (PI3K)/mTOR/Akt inhibitors as a pharmacological class of REDD1/FKBP51 repressors. Selected PI3K/mTOR/Akt inhibitors-Wortmannin (WM), LY294002, AZD8055, and two others indeed blocked REDD1/FKBP51expression in human keratinocytes. PI3K/ mTOR/Akt inhibitors also modified global effect of glucocorticoids on trascriptome, shifting it towards therapeutically important transrepression; negatively impacted GR phosphorylation; nuclear translocation; and GR loading on REDD1/FKBP51 gene promoters. Further, topical application of LY294002 together with glucocorticoid fluocinolone acetonide (FA) protected mice against FA-induced proliferative block and skin atrophy but did not alter the anti-inflammatory activity of FA in ear edema test. Interpretation: Our results built a strong foundation for development of safer GR-targeted therapies for inflammatory skin diseases using combination of glucocorticoids with PI3K/mTOR/Akt inhibitors.
Introduction
Glucocorticoid hormones are important regulators of proliferation, differentiation, inflammation, and metabolism in skin [1, 2] . Interestingly, many studies have now established that skin cells possess the complete biochemical machinery for efficient steroidogenesis including synthesis of GCs, starting from the cholesterol biosynthesis [3] [4] [5] [6] . Moreover, the reduced level of endogenous GCs have been causatively linked to the development of cutaneous diseases, including psoriasis [2] . The synthetic glucocorticoids (GCs) were introduced to the clinic from 1950s, and are still among the most widely used and efficient drugs for systemic and topical therapies of inflammatory and autoimmune visceral and dermatological diseases, such as atopic dermatitis/eczema and psoriasis [7] . Unfortunately, chronic treatment with GCs results in numerous adverse metabolic and atrophic effects including osteoporosis, muscle waste, skin atrophy [8, 9] .
The effects of glucocorticoids are mediated by the glucocorticoid receptor (GR), a known transcription factor (TF). In non-activated cells, GR resides in the cytoplasm bound to the molecular chaperones: heat shock proteins and immunophilins [10] . Upon hormone binding, GR undergoes phosphorylation and translocates to the nucleus, where it regulates gene expression positively (transactivation, TA) or negatively (transrepression, TR). TA is triggered mainly via binding of GR homodimers to glucocorticoid-responsive elements (GRE) in gene promoters and enhancers. TR is mediated by different mechanisms including negative protein-protein interaction between GR and other TFs such as pro-inflammatory factors NF-κB and AP-1 [11] [12] [13] [14] .
It has been long established that GR TR is important for antiinflammatory activity of GCs (therapeutic effects). At the same time, many side effects that reflect catabolic activity of GCs (such as osteoporosis, skin and muscle atrophy) primarily are linked to the TA branch of GR signaling [8, 9, 15, 16] . Thus, for years the major efforts in the field have been focused on the development of selective GR agonists and modulators (SEGRAM) that shift GR activity towards TR [9] . However, only few SEGRAMs have reached clinical trials, and there is still a need for safer GR-targeted anti-inflammatory therapies. We proposed and tested here, in skin atrophy model, an alternative approach -a combination of GCs with compounds that can protect tissues against their atrophic side effects.
Skin atrophy is one of the most common serious side effects of topical GCs. Chronic GCs treatment results in drastic hypoplasia of all skin compartments, increased fragility, tearing, bruising, and defects in skin barrier function [17, 18] . Our recent studies have led to the identification of GR target genes DDIT4 (DNA damage inducible transcript 4)/REDD1 (regulated in development and DNA damage response 1) and FKBP51 (FK506 binding protein 5) as central drivers of steroid-induced skin atrophy [12, 18] .
REDD1 is a nutrient/energy sensor and an early stress-response gene activated by hypoxia, depletion of growth factors, DNA damage as well as GCs [19] [20] [21] . FKBP51 is a member of the immunophilin protein family. It acts is a multi-client chaperone (GR is one of its best studied clients), and is involved in immunoregulation and basic cellular processes such as protein folding and trafficking [22, 23] . Even though both genes have pleiotropic functions, they play similar roles in negative regulation of mTOR/Akt signaling. Full Akt activation requires phosphorylation at Thr308 and Ser473 [24] [25] [26] . FKBP51 enhances the interaction between phosphatases PHLPP1/2 and Akt, followed by Akt dephosphorylation at Ser473 [25, 26] . In addition, FKBP51 can negatively inhibit mTOR via binding to its FK506-rapamycin binding domain [26, 27] . At the same time, REDD1 promotes Akt dephosphorylation at Thr308 by protein phosphatase 2A (PP2A) [28] , and can block mTOR activity via activation of TSC1/2 (tuberous sclerosis complexes 1/2) [29] .
The fact that all the skin compartments (epidermis, dermis and dermal adipose) in REDD1 and FKBP51 knockout mice were significantly protected from the atrophic effects of GCs [12, 18] , suggested that dual REDD1/FKBP51 inhibitors could be used in combination with GCs as tissue protectors. To select REDD1/FKBP51 small molecule inhibitors we used drug repurposing approach and screened LINCS database of~20,000 transcriptional signatures induced by FDAapproved and experimental drugs (http://lincsproject.org/LINCS/) focusing on their potential to block REDD1 and FKBP51 expression. Unexpectedly, we identified phosphoinositide-3-kinase (PI3K)/ mTOR/Akt) inhibitors as the most prominent pharmacological class of the repurposing candidates. We have chosen five compounds, including wortmannin (WM), LY294002, and AZD8055, for experimental validation of their effects on REDD1 and FKBP51 expression, GR function, evaluation of their effects on anti-inflammatory activity of GCs, and their protective anti-atrophogenic effects in murine skin chronically treated with steroids.
Research in context
Evidence before this study Millions of patients are affected by chronic inflammatory diseases, including dermatological diseases such as atopic dermatitis and psoriasis. The glucocorticoids (GCs) are among the most effective and frequently prescribed anti-inflammatory drugs. Unfortunately, chronic use of GCs is associated with numerous adverse effects such as altered glucose metabolism, steroid-induced diabetes, osteoporosis, impaired wound healing, skin and muscle atrophy. Skin atrophy is one of the major adverse effects of topical glucocorticoids, it affects all skin compartments: epidermis, dermis, dermal adipose, and as a result, significantly weakens the barrier function of the skin. We recently identified two mTOR/Akt inhibitors: REDD1 (Regulated in Development and DNA Damage 1) and FKBP51 (FK506-Binding Protein-51) as central drivers of steroidinduced skin atrophy. Indeed, in animals lacking either FKBP51 or REDD1, all skin compartments and skin stem cells were significantly protected against steroid hypoplasia. Thus, we hypothesized that dual REDD1/FKBP51 inhibitors could act as anti-atrophic compounds and could be combined with GCs for tissue protection during chronic treatments.
Added value of this study
Inhibitors of REDD1 and FKBP51 expression were selected using a drug repurposing approach, via bioinformatics screening of LINCS database comprised of transcriptional signatures induced by FDAapproved and experimental drugs (http://lincsproject.org/LINCS/). We identified phosphoinositide-3-kinase (PI3K)/mTOR/Akt) inhibitors as the most prominent pharmacological class of the repurposing candidates. Since PI3K/ mTOR/Akt inhibitors were developed as anti-cancer drugs, and are known for their ability to inhibit cell proliferation, their potential to alleviate development of steroid-induced skin atrophy was unexpected. We selected five compounds, including wortmannin (WM), LY294002, and AZD8055 for experimental validation of their effects on REDD1 and FKBP51 expression, glucocorticoid receptor (GR) function, and on therapeutic (anti-inflammatory) and adverse (skin atrophy) effects of glucocorticoids. We experimentally proved that all tested compounds blocked REDD1 and FKBP51 expression in human primary and immortalized HaCaT keratinocytes and in mouse skin. We also discovered that PI3K/mTOR/Akt inhibitors modified glucocorticoid receptor (GR) function by shifting its activity towards therapeutically important transrepression (negative gene regulation). The underlying molecular mechanisms include inhibition of GR phosphorylation, nuclear translocation, and GR loading onto the gene promoters of atrophogenes, as well as inhibition of NF-κB. Most importantly, topical application of LY294002 (in the special formulation to increase penetration through epidermal barrier) together with glucocorticoid fluocinolone acetonide (FA) protected mice against FA-induced proliferative block and skin atrophy but did not alter the antiinflammatory activity of FA.
Implications of all the available evidence
Our novel observations that PI3K/mTOR/Akt inhibitors beneficially modified GR activity at the global level, could explain the improved therapeutic index of glucocorticoids (benefit to risk ratio) when they were combined with these inhibitors. Overall, our studies support the development of innovative safer GR-targeted therapies with glucocorticoids using REDD1/FKBP51 inhibitors as tissue protectors against steroid-induced atrophy. Our findings have important clinical implications for skin diseases but also for various visceral inflammatory diseases treated with GCs as they induce atrophy in different tissues including muscle and bone.
Materials and methods

Chemicals, reagents and antibodies
Fluocinolone acetonide (FA), croton oil (CO), Wortmannin (WM), AZD8055 (AZD), NVP-BEZ235 (NVP), MK-2206 (MK), and 5-bromo-2′-deoxyuridine (BrdU), were from Sigma Aldrich (St. Louis, MO), LY294002 (LY) was from LC Laboratories (Woburn, MA). TNF-α and cytoplasmic and nuclear fractionation kit were from Thermo Fisher Scientific (Waltham, MA).
We used antibodies to GR (sc-8992, RRID:AB_2155784), RelA/p65 (sc-8008, RRID:AB_628017), phospho-RelA/p65 (Ser536) (sc-136548, RRID:AB_10610391), IκB (sc-1643, RRID:AB_627772), phospho-IκB (Ser32) (sc-8404, RRID:AB_627773), FKBP51 (sc-271547, RRID: AB_10649040) (Santa Cruz Biotechnology, Dallas, TX); GAPDH (G9545, RRID:AB_796208, Sigma Aldrich); phospho-GR (Ser211) (4161, RRID: AB_2155797), phospho-rpS6 (Ser235/236) (4856S, RRID:AB_2181037), phospho-4E-BP1 (Thr37/46) (9459L, RRID:AB_2262165), phospho-P70S6K (Thr389) (9234, RRID:AB_2269803), phospho-AKT (Thr308 and Ser473) (9266S, RRID:AB_659801 and 9271, RRID:AB_329825), lamin B (12586, RRID:AB_2650517) and tubulin (2148, RRID: AB_2288042) (Cell Signaling, San Jose, CA), REDD1 (10638-1-AP, RRID, AB_2245711, Proteintech Group, Rosemont, IL).
Computational selection of REDD1/FKBP51 inhibitors
Small molecule inhibitors of REDD1/FKBP51 expression were identified by computational screening of LINCS library (http://lincsproject. org/LINCS/) comprised of the results of~1 million experiments in which the global effect of N20,000 unique compounds on human cell transcriptome was accessed across 50 cell types of varied lineage using custom-made DNA arrays. The molecular signature of each compound in each experiment is presented at LINCS as a list of DEGs -differentially expressed genes (compound-treated versus solvent-treated), ordered by descending expression fold-change. The top putative REDD1 inhibitors were selected according to the number of LINCs experiments in which REDD1 was within 100 most down-regulated genes in treated cells. Next, we selected among potential REDD1 inhibitors compounds that also inhibited FKBP51. For statistical computing, we used the R project version 3.2.5 (https://www.r-project.org/).
Cell cultures
Immortalized human keratinocyte cell line HaCaT was a kind gift of Dr. Kathleen J Green (Northwestern University, Chicago, IL). The cells were maintained in DMEM medium supplemented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin, 100 μg/mL streptomycin. Human epidermal keratinocytes (NHEK) derived from neonatal foreskin were obtained from Northwestern Skin Disease Research Center (SDRC) and cultured in M154 medium with added calcium (70 μM) and growth supplements (all but hydrocortisone) from KGM™ Gold Keratinocyte Growth Medium BulletKit™ (Lonza, Basel, Switzerland).
Treatment of cells
Twenty-four hrs before the treatment, HaCaT cells were switched to phenol-free DMEM supplemented with 10% charcoal-stripped serum (Sigma Aldrich, St. Louis, MO) to deplete glucocorticoids in the cells. The inhibitors and FA were dissolved in DMSO; DMSO (b0.1%) was used as vehicle control in all the experiments unless otherwise stated.
Inhibitors WM (10 μM), LY294002 (50 μM), AZD8055 (1 μM), NVP (1 μM) and MK-2206 (5 μM) were added to the culture medium 6 h prior to FA, and then cells were further cultivated for 24 h in the presence of FA and PI3K/mTOR/Akt inhibitors.
Luciferase Assay
Cells were transduced with lentiviruses expressing GRE-Luciferase, NF-κB-Luciferase or control mCMV-Luciferase, to generate the reporter cells. The viral stocks were obtained from the Northwestern University SDRC RNA/DNA delivery Core. Reporter cells were pretreated for 6 h with PI3K/mTOR/Akt inhibitors (10 μM WM, 50 μM LY294002 and 1 μM AZD8055) or vehicle followed by FA (1 μM) or vehicle treatment for 24 h. Luciferase activity was measured using a luminometer (TD-20/20) as described [12] . Fold change in luciferase expression was normalized to the total protein concentration in each sample.
Cell viability assay
HaCaT and NHEK cells (1 × 10 5 cells/well) were plated in 96 well plate and pretreated for 6 h with the inhibitors or vehicle control, followed by addition of FA (1 μM) or vehicle. Twenty-four hrs later, MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added to wells, and plates were incubated for 4 h. Formazan product was dissolved in DMSO and absorbance was measured at 570 nm in a plate-reader.
Western blot analysis
Cell lysates were subjected to nuclear and cytosolic protein fractionation using NE-PER nuclear and cytoplasmic extraction reagents (Thermo Fisher Scientific). Proteins were resolved by SDS-PAGE and transferred to Odyssey nitrocellulose membranes (LI-COR Biosciences, Lincoln, NE). The membranes were blocked, incubated overnight at 4°C with primary antibodies followed by IRDye® secondary antibodies (800CW conjugated Goat-anti-Rabbit and Donkey-anti-Mouse, Cat# 926-32211, RRID:AB_621843 and Cat# 926-32212, RRID:AB_621847) (LI-COR Biosciences). Immunoreactive signals were captured in digital format using LI-COR Odyssey imager. To normalize the protein expression, we used GAPDH and tubulin antibodies for the whole cell lysates and lamin B (LMNB1) antibodies for the nuclear fractions.
Real-time polymerase chain reaction (RT-PCR/Q-PCR)
RNA was extracted from cells using EZNA total RNA kit 1 (Omega BioTrek, Norcross, GA). Random hexamers, M-MLV reverse transcriptase (Thermo Fisher Scientific) and 1 μg of total RNA were used for reverse transcription. The gene-specific primers were designed using the NCBI Primer-BLAST tool (http://www.ncbi.nlm.nih.gov/tools/primerblast/ and their sequences were as described previously [30] . Q-PCR was performed with SsoAdvanced™ Universal SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA) [30] . The real-time RT-PCR reactions were carried out using Roche LightCycler® 480 system. Fold change was calculated as 2 -ΔΔCt and the values were normalized to the housekeeping RPL27 transcript.
Immunofluorescence
HaCaT cells grown on glass slides were fixed and permeabilized as described [30] . Fixed cells were stained with anti-GR antibody (H-300, Santa Cruz Biotechnology, 1:500 dilution) and Alexa fluor®555 goat anti-rabbit IgG (Cat# A27039, RRID:AB_2536100) (1:1000 dilution, Thermo Fisher Scientific). Nuclei were stained with Hoechst 33342 (1:10,000 dilution, Thermo Fisher Scientific). Cells were mounted using ProLong gold antifade mounting medium (Thermo Fisher Scientific) and images are taken with AxioCaM HRC camera linked with Zeiss Axioplan2 microscope. Images shown are representation of at least 10 images captured for each sample.
Chromatin immunoprecipitation (ChIP) analysis
HaCaT cells were treated with FA (1 μM) in the presence or absence of WM (10 μM) or LY294002 (50 μM) for 24 h, as described above. Samples were processed using EMD Millipore EZ-Magna ChIP™ A/G kit (EMD Millipore, Burlington, MA), purified DNA was subjected to Q-PCR analysis and fold enrichments were calculated as described [30] .
The GR binding sites in human REDD1 and FKBP51 promoters were predicted based on HOCOMOCO models of TF binding motifs that utilize ChIP-Seq and HT-SELEX data [31] . Primers used for ChIP for GREs in human REDD1 promoter region were as published previously [30] and for human FKBP51 gene promoter are listed in Supplemental Table S8 . Results represent an average of three independent experiments and are quantified as described [30] .
Microarray analysis of gene expression by Illumina BeadChip array
RNA was extracted from HaCaT keratinocytes treated with FA (1 μM) in the presence or absence of LY294002 (50 μM). The experiment was repeated twice. HumanHT-12, Whole-Genome Gene Expression BeadChip array (Illumina, San Diego, CA) was used for RNA labeling, amplification and hybridization at the University of Chicago Genomics Facility. Array results were submitted to NCBI (GSE120991). Microarray processing was performed using the Limma package [32] . The neqc function was used for background subtraction, and quantile normalization with both positive and negative control probes. Probes with adjusted P value (FDR) b 0.1 were considered differentially expressed probes/genes (DEG) and retained for further analysis. The results of microarray were validated by Q-PCR. Q-PCR and microarray based gene expression values were compared using linear Pearson correlation.
Molecular functional annotations and pathway analysis
Entrez identifiers for DEGs (FDR b0.1) were used to identify gene set enrichments. We performed a Fisher's exact text to identify significant overlap between DEGs and each gene set. P-values were adjusted using the Benjamini & Hochberg method [33] . Gene sets enrichment analysis was done using the online tool of GSEA (Broad Institute, Cambridge, MA) with the GO molecular function and Hallmark database gene sets (http://software.broadinstitute.org/gsea/msigdb/index.jsp).
Computational analysis and visualization of microarray differential expression results
Computational analysis was performed using the R project version 3.2.5. R packages Ggplot2 [34] and Ggrepel (http://github.com/ slowkow/ggrepel) were used to visualize global effect of LY294002 on FA-induced gene expression changes.
Ethics statement
All animal housing and experiments were performed according to the protocols approved by the Northwestern University Animal Care and Use Committee, in a strict adherence to the National Institutes of Health guidelines.
Animals and treatments
Experiments were performed on seven-week-old F1 C57BL/6 × 129 female mice (Taconic, Germantown, NY) in the telogen stage of hair cycle to avoid variability that could be introduced by hair cycling [35] . Mice were shaved three days before the application of FA, 4 animals were used per treatment group.
Acute treatment
Animals were topically treated with 200 μL of vehicle alone (30% PEG3350, 4% DMSO, 5% Tween 20 in PBS) or LY294002 (10 nmoles/ mouse) in same vehicle for 5 h, and then treated with 200 μL of acetone (vehicle control) or FA in acetone (1 μg/mouse) for 8 h (for RNA and protein isolation) or for 24 h (for BrdU staining). Skin was harvested, and epidermis mechanically separated from dermis was used for RNA isolation as described [12] . BrdU (50 μg/g body weight) was injected intraperitoneally 1 h before skin was harvested.
Skin atrophy test
Skin atrophy was induced by chronic topical FA treatment (1 μg every 72 h for 2 weeks) as previously described [12] . LY294002 or vehicle were applied 5 h prior to each FA application. Mice were sacrificed and skin harvested for RNA isolation and histological/morphometric analysis 24 h after the last FA treatment.
Ear edema test
Mouse ears were pretreated with either vehicle or LY294002 (10 nmoles/ear) 5 h prior to treatment with contact irritant CO (20 μL of 5% solution in acetone). FA (1 μg/ear) was applied one hr prior to CO. Animals were sacrificed and ears harvested at the peak of inflammatory response, 9 h after CO application [8] . Ear swelling, a readout for inflammation, was measured by weighing 5 mm ear punches.
Morphometric analysis
Hematoxylin and eosin (H&E) staining was done in formalin-fixed, paraffin-embedded skin samples. The quantification of the epidermal and subcutaneous adipose tissue width, as a readout of skin atrophy, was performed as described [8] . The number of dermal cells was determined as described [12] . Proliferative index was calculated as a relative number of BrdU+ basal keratinocytes to the total number of basal keratinocytes. For all morphometric analyses, at least ten individual fields of view/slide in four individual skin samples (40 images/treatment group) were analyzed.
Statistical analysis
All experiments were conducted at least in duplicates. Mean and standard deviation were calculated using Microsoft Excel software. Statistical analyses of the data were performed by non-parametric unpaired two-tailed/sided Student's t-test using GraphPad Prism software (version 7.03). A P value b.05 was considered statistically significant.
Results
Bioinformatics search for small molecule REDD1 and FKBP51 inhibitors
To search for dual REDD1/FKBP51 inhibitors, we screened LINCS library (http://lincsproject.org/LINCS/) comprised of molecular signatures of~20,000 FDA-approved and experimental drugs tested in a large array of human cells. We first scored compounds according to the number of LINCS experiments in which REDD1 expression was significantly inhibited (REDD1was within top 100 down-regulated genes), and then selected those that also had negative effect on FKBP51 expression (Supplemental Table S1 ). Unexpectedly, we found that inhibitors of the PI3K/mTOR/Akt pathway represented the major drug class among the top 20 REDD1/FKBP51 inhibitors.
It is known that PI3K activation leads to the phosphorylation and activation of the protein kinase Akt, which in turn activates mTOR in both mTORC1 and mTORC2 complexes [28] . Thus, most of these putative REDD1/FKPB51 inhibitors are known to affect to some degree all branches of PI3K/mTOR/Akt signaling. We selected several inhibitors with mixed profile from the Supplementary [36, 37] . In addition, we included in our studies a more selective Akt inhibitor MK-2206 (MK), also in clinical trials [38] .
3.2. PI3K/mTOR/Akt inhibitors negatively impacted REDD1 and FKBP51 induction by glucocorticoid FA
We assessed the impact of selected PI3K/mTOR/Akt inhibitors on the expression of atrophogenes REDD1 and FKBP51 in immortalized human keratinocyte cell line HaCaT and primary human epidermal keratinocytes (NHEK). The concentration range of compounds (1-50 μM) and the time of cells pre-treatment (6 h) in our experiments followed the experimental design of tests presented in LINCS database as well as the concentrations used in previous in vitro studies of these compounds [39] [40] [41] [42] .
To prove that the chosen experimental conditions indeed lead to the inhibition of PI3K/mTOR/Akt signaling, we assessed the effect of WM, LY294002 and AZD8055 on phosphorylation of mTOR downstream substrates 4E-BP1 (eukaryotic initiation factor 4E binding protein 1), p-70S6K kinase and its substrate rpS6 (ribosomal protein S6) and Akt phosphorylation at Thr308 and Ser473, the two major sites regulating Akt activity. As expected, we confirmed that under selected test conditions these compounds strongly inhibited PI3K/mTOR/Akt signaling in both keratinocyte models (Fig. 1d, f) with the exception of weaker effect of AZD8055 on Akt phosphorylation at Thr 306 . The effects on mTOR/Akt signaling were specific as the results of MTT assay clearly indicated that PI3K/mTOR/Akt inhibitors alone or in combination with glucocorticoid FA did not significantly affect keratinocyte viability during the experiments (Fig. S2) .
We showed recently that GCs induced expression of REDD1 and FKBP51 in keratinocytes and in human skin [12, 18] . In good correlation with these previous studies, REDD1 and FKBP51 expression at mRNA/ protein levels was strongly increased in HaCaT and NHEK cells treated with FA (Fig. 1a-c, e, f; Fig. S1 ). All five PI3K/mTOR/Akt inhibitors under study powerfully blocked REDD1 and FKBP51 induction by FA at both mRNA and protein levels in HaCaT and NHEK keratinocytes (Fig. 1a-c, e, f; Fig. S1 ). The only exception was modest effect of NVP on REDD1 protein expression in HaCaT cells despite the significant inhibition of REDD1 mRNA induction by FA in those cells (Fig. 1a, c) . In most cases PI3K/mTOR/Akt inhibitors (again with the exception of NVP) also significantly down-regulated basal REDD1 expression, especially visible on Western blots (Fig. 1c, f; Fig. S1c, f) . However, their effect on the basal FKBP51 mRNA/protein levels was minimal most likely due to a low baseline FKBP51 expression (Figs. 1 and S1 ).
PI3K/mTOR/Akt inhibitors modified GR signaling and shifted it towards transrepression
REDD1 and FKBP51 are part of GR molecular signature in skin [12, 18] . Thus, our results suggested that PI3K/mTOR/Akt inhibitors could modulate GR activity. To assess their potential to modify both GR signaling branches (transactivation/TA and transrepression/TR) we infected keratinocytes with lentiviruses expressing GRE.Luciferase and NF-κB.Luciferase reporters as inhibition of NF-κB is central to the glucocorticoid anti-inflammatory activity and is usually used to monitor the effects on GR TR [6, 43, 44] . Pretreatment of HaCaT and NHEK keratinocytes with PI3K/mTOR/Akt inhibitors WM, LY294002; and AZD8055 blunted GR TA and exaggerated GR TR function evaluated by Luciferase assay (Fig. 2a, b) .
Since LY294002 and AZD8055 alone significantly affected NF-κB.Luciferase activity in keratinocytes, it was interesting to assess their effect on NF-κB in more detail. For these experiments, HaCaT cells were activated by TNF-α (10 −9 M × 30 min), which resulted in increased phosphorylation (at Ser32) and degradation of NF-κB inhibitor IkBα, followed by nuclear translocation of activated by phosphorylation (at Ser 536 ) NF-κB protein p65/RelA (Fig. 2c) . We found that pre-treatment of cells with both LY294002 and AZD8055 inhibited all major steps of NF-κB activation including phosphorylation/degradation of IkBα and p65/Rel phosphorylation/translocation to the nucleus (Fig. 2c) . These results suggest that negative effect of PI3K/mTOR/Akt inhibitors on NF-κB signaling may contribute to GR TR when they are combined with glucocorticoid FA. Interestingly, even though WM strongly inhibited IKBα degradation and p65 nuclear import in HaCaT cells within 15 min after TNF-α addition (Fig. 2c) , its effect on NF-κB.Luc, which was measured later, appeared to be modest (Fig. 2b) .
Overall, Luciferase reporter assays revealed that the PI3K/mTOR/Akt inhibitors significantly modified GR signaling. To further corroborate this unexpected finding, we used Illumina Human HT-12 microarray to assess the global effect of one of the tested compounds, LY294002, on FA molecular signature in HaCaT keratinocytes (GEO submission GSE120991). Cells were treated with solvent (DMSO); FA only and LY294002 (pretreatment for 6 h) with FA. We incubated cells with FA for 24 h, a time point when both GR TA and TR are usually fully developed [45] .
We identified 706 differentially expressed genes (DEG, P value b.01, FDR b0.1) affected by FA with equal involvement of TA and TR branches of GR signaling: 374 genes were up-regulated, and 332 down-regulated. The top up-and down-regulated genes are presented in Supplemental  Table S2 .
In general, the FA molecular signature in human HaCaT keratinocytes reflected different facets of GR signaling, including known anti-inflammatory and metabolic effects, regulation of proliferation, differentiation, apoptosis, cell contacts, and ECM. In addition, we revealed novel aspects of GR crosstalk with major signaling pathways in skin such as Wnt, Notch, and TGF-α(via frizzled protein SFRPP1, Notch effector HEY1, and multiple BMP regulators (Supplemental Table S2 ). Importantly, there was a significant similarity between molecular signatures of glucocorticoids in HaCaT human keratinocytes and human skin [2] (GEO submission GSE120783) with N65 identical DEGs (Supplemental Table S3 ), suggesting that HaCaT cells are a reliable in vitro model to study GR signaling in skin. The group of identical DEGs includes genes that play causative role in skin atrophy FKBP51 and DDIT4/REDD1; metabolism regulators PLIN2, PNLIPRP3, GLUL and HSD11B2 that converts cortisol into non-active cortisone; regulators of ion channels BEST2 and SCNN1G; regulators of apoptosis BIRC3/IAP3 and SGK1 to name a few.
In order to look at systemic effects of FA on transcriptome in keratinocytes, we performed gene set enrichment (GSE) analysis using GO and Hallmark gene sets from Molecular Signatures Database (MSigDB) (Supplemental Table S4 ). Consistent with the known glucocorticoid effects, highly enriched processes were inflammatory/immune pathways including TNFα, NF-κB, IL2/STAT5 signaling; stress response to UV and hypoxia; sodium and other metal transport [2, 46, 47] . In addition, significant part of top gene sets included genes involved in development; EMT (epithelial-mesenchymal transition) that reflected known negative effect of glucocorticoids on cell-cell adhesion [47] ; estrogen response and cross-talk with K-ras signaling.
In the presence of LY294002, most of FA-induced DEGs remained differentially expressed with preserved direction of changes: 59% of DEGs up-regulated by FA and of 74% of DEGs down-regulated by FA remained up-regulated and down-regulated in the presence of LY294002. However, we observed that LY294002 very significantly exaggerated GR TR (FA + LY vs. FA, t-test: 3.64; p value: 4e-4; 2-sample, paired t-test, Fig. 3a) . We also observed a trend to the inhibition of GR TA by LY294002 (FA + LY vs. FA, t-test: 1.36; p value: 0.17) (Fig. 3a) . The top DEGs with blunted TA or enhanced TR are presented in the Supplemental Table S5 . We validated microarray results using Q-PCR analysis by selecting a dozen of genes from both up-regulated and down-regulated categories (Fig. 3b, Supplemental Table S6 ), and confirmed that PI3K/ mTOR/Akt inhibitor LY294002 blunted GR TA, and exaggerated GR TR.
The rest of the FA-induced DEGs either did not change significantly compared to control or became DEGs with reversed (compared to FA only) changes in the presence of LY294002. This latter relatively small group of 13 DEGs included genes involved in apoptosis, proliferation, epithelial differentiation, and metabolism of cholesterol, retinoic acid and glucocorticoids (Supplemental Table S7 ).
PI3K/mTOR/Akt inhibitors reduced GR phosphorylation, nuclear translocation and binding to REDD1 and FKBP51 promoters
To identify the molecular mechanisms underlying GR functional changes induced by PI3K/mTOR/Akt inhibitors, we assessed how these compounds affect important GR activation steps, such as phosphorylation, nuclear translocation and loading on glucocorticoid response elements (GREs) in REDD1 and FKBP51 promoters.
In FA-stimulated HaCaT cells, GR phosphorylation and nuclear translocation occurred in 10 min, and GR remained in the nucleus for at least 12 h (Fig. 4a, b) . Pretreatment of cells with WM and LY294002 either delayed or decreased GR phosphorylation and nuclear import (Fig. 4a, b) . They also accelerated GR nuclear export: the amount of nuclear GR returned to control levels in~4 h in cells pretreated with PI3K/mTOR/ Akt inhibitors (Fig. 4b) . The decreased amount of GR in the nucleus in cells treated with FA + LY294002 possibly reflects the increased GR nuclear-cytoplasm shuttling. The immunofluorescence data substantiated our Western blot results (Supplemental Fig. S3 ), even though with this method we revealed a more significant amount of GR in the nucleus of control cells.
Next, we analyzed whether WM and LY294002 affected GR loading on known GRE sites in human REDD1 and FKBP51 promoters. Interestingly, both compounds prevented GR binding to REDD1 and FKBP51 promoters (Fig. 4c, d ) thereby inhibiting REDD1 and FKBP51 expression activation by FA (Fig. 1a) . Moreover, WM and LY294002 reduced GR basal occupancy at these promoter regions (compare to enrichment obtained in cells treated with DMSO, Fig. 4c, d ) which probably contributes to the reduced expression of these GR-target genes in HaCaT cells treated with PI3K/mTOR/Akt inhibitors alone versus control, especially noticeable for REDD1 (Fig. 1a, b) .
3.5. LY294002 spared mouse skin from FA-induced atrophy but did not interfere with FA's anti-inflammatory effects
We have chosen LY294002 to assess in vivo effects of PI3K/mTOR/ Akt inhibitors, as it was previously used in experiments with topical applications to the skin [48, 49] . F1 C57Bl x 129 mice were topically treated with FA (1 μg/animal) in the presence or absence of LY294002 (10 nmoles/animal). We used special formulation: 30% PEG3350, 4% DMSO, 5% Tween 20 in PBS for the optimal transepidermal LY294002 delivery.
As expected, acute treatment with FA significantly induced expression of REDD1 and FKBP51 mRNAs, and pre-treatment of skin with LY294002 blocked this FA effect (Fig. 5a) .
The steroid-induced skin atrophy has been well described morphologically; it involves all skin compartments and results in overall skin thinning, reduction in size and number of keratinocytes, inhibition of dermal fibroblast proliferation and collagen synthesis, atrophy of dermal adipose and epidermal appendages. To test whether LY294002 could prevent development of FA-induced skin atrophy, we chronically treated mice with FA +/− LY294002 every 72 h for 2 weeks. In agreement with our published results [12] , chronic treatment with FA led to severe cutaneous atrophy: epidermal thickness was reduced by~50%, dermal cellularity was decreased by 78%, dermal adipose tissue was reduced by~90% (Fig. 5c-f) . Remarkably, LY294002 significantly protected skin from these hypoplastic effects of FA: LY + FA-treated skin displayed only 22% and 50% reduction in epidermal and dermal adipose thickness accordingly (Fig. 5c-e) . LY294002 also protected dermis as assessed by the decreased effects of FA on dermal cellularity (Fig. 5f ) and on expression of Col3A1 (Fig. 5g) considered a major marker for inhibitory effect of GCs on collagen synthesis [50, 51] .
In our next experiments we assessed proliferation in epidermis by incorporation of 5-bromo-2′-deoxyuridine (BrdU) into basal keratinocytes. In mouse skin treated with FA for 24 h, the BrdUlabeling index dropped to 1.2 ± 1.4% from 4.9 ± 1.4% in control. However, in skin treated with LY+ FA, BrdU labeling index remained similar to control: 4.7 ± 3.4% (Fig. 5b) .
To test whether LY294002 affects anti-inflammatory effect of glucocorticoids, we used standard ear edema test. Mouse ears were treated with irritant croton oil (CO) in the presence or absence of LY294002 (10 nmoles/ear) and FA (1 μg/ear), and ear edema at 9 h after CO application was used as a readout for inflammation, as published previously [12] . CO induced inflammation and ear swelling, and FA completely blocked it, in line with previously published results [12] . The pretreatment with LY294002 did not affect either CO-induced inflammation or anti-inflammatory effect of FA (Fig. 5h) .
Discussion
The adverse effects associated with chronic glucocorticoid treatment motivated development of novel GR ligands. Dozens of selective GR activators and modulators (SEGRAM) have been synthesized and tested by industry and academia, however, the success was rather limited [15] . In the current work, we present data demonstrating the advantages of alternative approach to safer GRtargeted therapies via combination of glucocorticoids with antiatrophogenic tissue protectors. We searched for REDD1/FKBP51 pharmacological inhibitors by computational screening of NIH LINCS database (http://lincsproject. org/LINCS/) generated as a catalog of changes in gene expression and other cellular processes induced in a large variety of cells exposed to N20,000 small molecule drugs. Almost 50% of the top repurposing candidates targeting REDD1 and FKBP51 expression, appeared to belong to the class of PI3K/mTOR/Akt inhibitors. This finding is in line with our previous search for REDD1 inhibitors using much smaller CMAP library consisting of molecular signatures of~1300 FDA-approved drugs (https://www.broadinstitute.org/cmap/), which revealed mTOR inhibitor Rapamycin as the top repurposing candidate [30] . These predictions were completely unexpected as PI3K/mTOR/Akt inhibitors have been developed as anti-cancer drugs inhibiting cell proliferation. In this context, it is interesting to mention that cutaneous side effects are typical for many classes of anti-cancer drugs including mTOR inhibitors. However, anti-cancer drugs usually induce skin inflammation but not skin atrophy [16, 52] .
We experimentally validated the capability of PI3K/mTOR/Akt inhibitors to suppress REDD1 and FKBP51 expression at mRNA and protein levels (Fig. 1, Supplemental Fig. S1 ) in vivo in mice, and in vitro in monolayer human keratinocyte models. In the future, it would be important to assess the effect of these anti-REDD1/FKBP51 drugs in organotypic raft cultures that are more physiologically relevant to human skin.
It was shown previously that mTOR regulates proteasomal degradation of its genetic inhibitor REDD1 [53] and work presented here further corroborated mTOR-controlled REDD1 regulation. Even though the post-translational modifications of FKBP51 including phosphorylation, SUMOylation and ubiquitination were reported [22] , the existence of similar FKBP51/mTOR/AKT feedback loop in the regulation of FKBP51 protein turnover and stability is presently not known. Surprisingly, we found that inhibitors from this pharmacological class also strongly modified GR activity shifting it towards TR signaling branch. This occurred via global enhancement of TR which in part reflects the cooperative repression of NF-κB by glucocorticoid (FA) and PI3K/mTOR/Akt inhibitors that suppressed IkBα degradation and nuclear import of p65 (Fig. 2c) . These stages in NF-κB activation are usually not affected by glucocorticoids [54] . We also observed a trend for the GR TA global decrease confirmed by GRE.Luciferase assay and reduced activation of a large cohort of endogenous genes (Fig. 3 , Supplemental Tables S2, S5 and S6) . Importantly, we observed the same GR signaling shift to TR in cells pretreated with Rapamycin [30] . Overall, our results suggest that in the presence of PI3K/mTOR/Akt inhibitors glucocorticoids behave as long awaited SEGRAMs shifting GR activity towards therapeutically significant TR.
GR activity depends on many factors including GR phosphorylation and efficient nuclear import, presence of co-regulatory proteins [8, 9, 11, 13, 54, 55] . GR is phosphorylated on multiple serine and threonine residues at its N-terminus by mitogen-activated protein kinases (MAPKs), cyclin-dependent kinases (CDKs), casein kinase II and glycogen synthase kinase-3β (GSK-3β), and GR phosphorylation status defines its nuclear import and functions [56] [57] [58] . Several tested PI3K/ mTOR/Akt inhibitors: LY294002, WM (as presented here) and Rapamycin [30] , but not AZD8055 (not shown), inhibited GR phosphorylation at activating Ser211 and decreased GR nuclear import. It is possible that this group of inhibitors affected GR kinases as mTOR and Akt crosstalk with signaling pathways involving p38, GSK-3beta is known [59, 60] . The possible alternative mechanisms of GR signaling modification by REDD1/FKBP51 inhibitors that did not affect GR phosphorylation (like AZD8055), are currently under study.
Besides discussed above mechanisms of GR modulation, both GR target genes in the focus of this study, REDD1 and FKBP51, play an important role in control of the GR signaling, and this adds the further level of complexity to the understanding of GR-PI3K/mTOR/Akt cross-talk. We recently found that the lack of REDD1 hampers GR TA [12] . On the other hand; FKBP51 is a known GR chaperone, and negative regulator of its nuclear import and transcriptional activity [22] . Interestingly, we did not observe changes in GR intracellular localization and function in human keratinocytes and in mouse skin after FKBP51 knockout [18] suggesting that FKBP51 effects on GR function are cell type-specific.
Many PI3K/mTOR/Akt inhibitors are currently in clinic/clinical trials as anti-cancer drugs and immunomodulators (Rapamycin), however, their use in dermatology has been very limited. Our in vivo results showed that LY294002 (Fig. 5) and Rapamycin [30] were able to prevent FA-induced skin atrophy, but did not interfere with FA's antiinflammatory effects. Thus, our studies provide a proof of principle for using compounds from this pharmacological class to prevent atrophic effects induced by chronically applied glucocorticoids in skin. In addition to skin atrophy, chronic treatment with GCs results in other adverse effects including delayed wound healing, pigment alteration, increased risk of skin infections [16, [61] [62] [63] . It will be important to test whether PI3K/mTOR/Akt inhibitors can ameliorate these cutaneous side effects of GCs. The corticosteroids induce atrophy in many organs besides skin [7, 18, 64, 65] . We previously revealed a strong similarity between GR molecular signatures in muscle, epidermis, dermal adipose undergoing steroid-induced atrophic changes [12, 30] , suggesting that the same approach to GR-targeted therapies using glucocorticoids in combination with tissue protectors is applicable for the treatment of patients with non-dermatological inflammatory and autoimmune diseases such as inflammatory bowel disease, rheumatoid arthritis, and asthma.
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